High temperature during the grain-filling period decreases rice (Oryza sativa L.) grain quality by increasing the proportion of chalky grains. Chalky grains are also induced by a number of plant factors. There are several types of chalky grains, and the type depends on the chalky portion of the endosperm, which is most affected by temperatures during a specific high-temperaturesensitive stage (Tashiro & Wardlaw, 1991) . The occurrence of chalky grains can be reduced by improvement of plant nitrogen status (Takata et al., 2010; Tanaka et al., 2010; Wakamatsu et al., 2008) . Top-dressing with nitrogen at the heading stage reduced the occurrence of milkywhite grains (MWG), back-white grains, and basal-white grains, whereas the effect of nitrogen on reducing the occurrence of MWG was through increasing the assimilate supply during the grain-filling period, but not through it on the occurrence of basal-white grains and backwhite grains (Nakagawa et al., 2006) . The occurrence of basal-white grains and white-back grains is unaffected by the assimilate supply (Tsukaguchi et al., 2011) .
These previous studies suggest that plant nitrogen status directly affects the percentage of basal-white grains and back-white grains, although the mechanism is not known. As basal-white grains and back-white grains are induced by similar factors, and chalkiness often occurs in both the back and basal parts of a single grain (Kobayashi et al., 2007) , we defined grains with chalkiness in either part of the endosperm as basal-and back-white grains (BBWG) in this study.
Plant nitrogen status during the later growth stages also affects the grain protein content (GPC) in rice (Mori et al., 2010; Tsukaguchi et al., 2016) . GPC affects the texture of cooked rice, with high values increasing the hardness and decreasing the stickiness (Hamaker & Griffin, 1990; Martin & Fitzgerald, 2002) . In Japan, where tender sticky cooked rice is favored, high GPC therefore decreases the In 2013, the plants received three levels of nitrogen top-dressing at the panicle formation stage (0, 0.2, and 0.4 g N per pot; 20 days before heading), two levels at heading (0 and 0.3 g N per pot), and three levels of temperature treatment (n = 18 plots). Eight pots were prepared for each plot and for each level of top-dressing at the panicle formation stage for the measurement at heading. Nitrogen top-dressing was applied as ammonium sulfate.
Temperature treatments
Two days after heading, a temperature treatment was applied using two partitioned temperature-gradient chambers (TGCs; Nakagawa et al., 2009) . Each TGC was a greenhouse covered with vinyl sheeting, 21 m in length, 3.6 m in width, and 2.4 m in maximum height. It was partitioned with vinyl sheeting into three rooms, each 7 m in length. We designated the northern, middle, and southern rooms as T1, T2, and T3, respectively. The sides of the T1 room were left open, and two exhaust fans were mounted at the southern end of the T3 room, generating continuous air flow from the T1 to the T3. Air flowed from one room to the next through a vent at the bottom of the partitioning vinyl sheet and three air hoses. The exhaust capacity of one fan could be varied between 0 and 1.40 m 3 s −1 by means of a regulating inverter, whereas the other fan operated at a constant rate of 0.35 m 3 s −1 . Two oil heaters were placed in the T2 room and another two in the T3 room. The air temperature in the T1 room was close to ambient because of the air flow through the open sides, whereas that of the T3 room was highest owing to the generated air flow, which was heated by solar radiation and the heater. The air temperature of the T3 room was targeted at 34 °C during the day and 28 °C at night, and was maintained near these levels by regulating the fan exhaust rate and the heat supply. The air in each small room was dispersed using two circulators. Table 1 summarizes the temperature conditions in the rooms. The ambient temperature was higher in 2012 than in 2013 during the stages from panicle formation to heading, from heading to 20 days after heading (DAH), and from 21 DAH to maturity. The amount of solar radiation was also higher in 2012 than in 2013 during all three stages. In 2012, mean air temperatures in T2 were 1.6 °C and 2.5 °C higher than those in T1 from heading to 20 DAH and from 21 DAH to maturity. The mean air temperature in the TGC ranged from 27.4 to 30.7 °C from heading to 20 DAH and from 24.5 to 28.8 °C from 21 DAH to maturity in 2013.
Each room housed a water bed 3.7 m in length and 1.7 m in width, in which we placed the pots. The water level was kept from 2 to 5 cm above the top of the pots throughout the treatment. Half of the pots of each plot were randomly arranged in each of the two TGCs. In 2012, eating quality of rice (Matsue et al., 2001 ). This suggests that excessive nitrogen application during later growth stages may decrease eating quality.
Thus, efforts to improve the appearance and eating quality of rice seem to create conflicting requirements for plant nitrogen status. Indeed, a negative correlation between GPC and BBWG has been reported (Nakagawa et al., 2006; Wakamatsu et al., 2008) . Therefore, careful nitrogen management is required to maximize the effect of nitrogen to reduce BBWG while keeping GPC down. To support this management, it is necessary to elucidate the relations between plant nitrogen status and both BBWG and GPC.
In this study, we used nitrogen availability per spikelet during the grain-filling stage (N GF ) to describe the plant's nitrogen status during this period. The total amount of nitrogen available for the grains equals the sum of the new uptake during the grain-filling period and the amount taken up before heading and that can be remobilized from the leaves (Yoshida et al., 2016) . Specifically, N GF is composed of nitrogen uptake before heading (N BH ) and after heading (N AH ). The objective of this study was to elucidate the relations between N GF and BBWG and between N GF and GPC. We determined and compared the contributions of N BH and N AH to GPC and BBWG. We performed our experiment under different temperatures and nitrogen application patterns to provide the basis for the development of optimum nitrogen application technique.
Materials and methods

Plant materials
Pot experiments were conducted at Ishikawa Prefectural University in Nonoichi, Japan, in 2012 and 2013, with the cultivar 'Koshihikari. ' Seeds were sown in paper pots (R-5, Nippon Beet Sugar Manufacturing, Tokyo, Japan). On 1 June 2012 and 31 May 2013, 30-day-old seedlings were transplanted into Wagner pots (16.0 cm in diameter and 19.0 cm in depth), at a density of 2 per pot. The pots were filled with sandy soil that received a basal dressing of 0.6 g of N as ammonium sulfate, 1.0 g (P 2 O 5 equivalent) of P as superphosphate, and 1.0 g (K 2 O equivalent) of K as potassium chloride. Plants were grown under outdoor conditions until the start of the experimental temperature treatment in both years.
In 2012, the plants received two levels of nitrogen top-dressing at the panicle formation stage (0 and 0.5 g N per pot; 21 days before heading), three levels at the heading stage (0, 0.2, and 0.5 g N per pot), and two levels of temperature treatment, as described in the next section (n = 12 plots in randomized complete block design). Eight pots were prepared for each plot. Additionally, eight pots for each level of top-dressing at the panicle formation stage were prepared for the measurement at heading. because of the high ambient temperature and the high amount of solar radiation during the day, the fan exhaust rate continued to be high causing strong wind in the TGC, so most of the grains became opaque and could not be classified into different types of chalky grains in room T3, possibly owing to the combined effect of the high temperature and strong wind (Morita et al., 2016) . Therefore, we did not use the data from the T3 room in 2012 in our analysis.
Measurement of dry weight and nitrogen content
Plants were sampled at the heading stage and at maturity. Maturity was defined as the date on which more than 95% of the spikelets became yellow. Plants of eight pots harvested at heading were separated into the leaf blade, leaf sheath+culm, panicle, and dead parts, and were then dried for 72 h at 80 °C and weighed. Plants harvested at maturity were separated into the same parts, and all parts except the panicles were dried for 72 h at 80 °C and weighed. The panicles were air-dried for 1 week, and then divided into two subsamples, which were each weighed. One of the subsamples was then dried for 72 h at 80 °C and used to determine the moisture content of the air-dried panicles and the nitrogen content. The other subsample was used to determine grain yield and quality.
Each oven-dried sample was ground into a powder fine enough to pass through a 0.5-mm screen using a CSM-F1 Cyclone Sample Mill (Udy Corp., Ft. Collins, CO, USA). The nitrogen content was measured using the Dumas combustion method with an NCH Analyzer (Sumika Chemical Analysis Service, Tokyo, Japan).
Measurement of yield and grain quality
Panicles in the second subsample were threshed, and the spikelets were counted. Spikelets were then hulled, and the number, the weight and the moisture content of total grains thicker than 1.6 mm were determined. Singlegrain weight was calculated as the mean grain weight and adjusted to 14% moisture content. The percentages of milky-white grains, basal-white grains, and back-white grains were determined visually ( Figure 1 ). Milky-white grains (MWG) were defined as those with central chalkiness that covered more than half of the endosperm; basal-white grains were defined as those with basal chalkiness that accounted for >20% of the endosperm; and back-white grains were defined as those with dorsal chalkiness that covered >2/3 of the length and >1/3 of the width. Grains with chalkiness in more than two parts of the endosperm were included in the count for all the types of chalkiness (i.e. were counted twice or three times). BBWG were grains either with basal chalkiness or dorsal chalkiness.
The grain from all categories was then combined and ground into a powder, and nitrogen content was measured with the NCH analyzer. The protein content was then calculated by multiplying the nitrogen content by 5.95 (Jones, 1941) . The moisture content of each sample was determined and GPC was adjusted to 14% grain moisture content. Figure 1 . Schematic picture of milky-white grain (a), basal-white grain (B) and back-white grain (c). Milky-white grains were those with central chalkiness (shaded area) that covered more than half of the endosperm; basal-white grains were those with basal chalkiness that accounted for >20% of the endosperm; and backwhite grains were those with dorsal chalkiness that covered >2/3 of the length (vertical arrow and >1/3 of the width horizontal arrow).
air temperature during the 20 days after heading, effects of nitrogen top-dressing at the panicle formation stage, and effects of nitrogen top-dressing at heading. When the ANOVA result was significant, significant differences between pairs of mean values were detected using Tukey's test. Significance was defined as p < 0.05, unless otherwise noted. Multiple-regression analysis was conducted to determine the relative contributions of N BH and N AH to BBWG, MWG and GPC. We tested for homogeneity of the regression coefficients between GPC and N GF according to the method of Gomez and Gomez (1976) .
Results
Top-dressing at the panicle formation stage reduced BBWG (averaged over the temperature and top-dressing at heading treatments) from 76 to 59% in 2012 and from 65 to 24% in 2013 (Tables 2 and 3 ). Top-dressing at heading reduced BBWG (averaged over the temperature and top-dressing at panicle formation treatments) from 73 to 60% in 2012 and from 48 to 39% in 2013. Whereas top-dressing at panicle formation had no significant effect on MWG in either year, top-dressing at heading reduced it, significantly from 24 to 13% in 2012 and from 25 to 20% in 2013 (not significantly). GPC was not significantly affected by temperature in either year. Both top-dressings significantly increased GPC. Top-dressing at the panicle formation stage increased
Parameters for plant nitrogen status
Nitrogen availability per spikelet during the grain-filling period (N GF ; mg per spikelet) was calculated as the sum of the amount of nitrogen uptake before heading (expressed per spikelet) that was available to be remobilized to developing grains (N BH ) and the amount of nitrogen uptake per spikelet after heading (N AH ):
N BH and N AH were calculated as:
where NV H and WV H represent the nitrogen content (g per plant) and dry weight of vegetative parts at heading, respectively, and ΔN HtoM represents the nitrogen uptake during the period from heading to maturity (g per plant). The constant 0.005 represents the nitrogen content remaining in dead parts.
Statistical analysis
Analysis of variance (ANOVA) was performed using SPSS v. 21 (SPSS Inc., Chicago, IL, USA) to assess the effects of mean (Figure 4) . The homogeneity test of the regression coefficients revealed that there was no significant difference in the N GF -GPC relation between temperature conditions or between years. We used multiple-regression analysis to determine the relative contributions of N AH and N BH to BBWG, MWG and GPC (Table 6 ). With the mean air temperature during the 20 DAH (T), N AH , and N BH as independent variables, the overall regression for BBWG was highly significant: R 2 = 0.889 in 2012 (p < 0.001, n = 12) and R 2 = 0.976 in 2013 (p < 0.001, n = 18). Regression coefficients for T, N AH , and N BH were all significant in both years. Partial correlation coefficients for N BH were about 1.6 times (2012) and 3.0 times (2013) those for N AH (Table 6 ). The overall regression for MWG (Table 7) was highly significant, with R 2 = 0.891 in 2012 (p < 0.001, n = 12) and R 2 = 0.765 in 2013 (p < 0.001, n = 18). Regression coefficients for T were significant in both years, but those for N AH in 2012 and N BH in either year were not significant. The overall regression for GPC (Table 8 ) was highly significant, with R 2 = 0.893 in 2012 (p < 0.001, n = 12) and R 2 = 0.876 in 2013 (p < 0.001, n = 18). Regression coefficients for T were not significant in either year, but those for GPC from 6.9 to 7.7% in 2012 and from 6.9 to 8.2% in 2013. Top-dressing at heading increased GPC from 6.5 to 8.1% in 2012 and from 7.0 to 8.2% in 2013. Interaction between top-dressing at the panicle formation stage and that at heading was significant (p < 0.05 in both years).
Top-dressing at panicle formation significantly increased the number of spikelets: from 1235 to 1563 in 2012 and from 1109 to 1541 in 2013 (Tables 2 and 3 ). High temperature significantly decreased the single-grain weight in both years (Tables 2 and 3 ). In both years, top-dressing significantly increased the single-grain weight at the panicle formation stage, but there was no effect of top-dressing at heading.
Temperature had no significant effect on dry weight, nitrogen uptake, or nitrogen content at maturity in either year (Tables 4 and 5 ). However, both top-dressings markedly and significantly increased all three parameters.
There was generally no significant correlation between BBWG and N GF , except for a significant negative correlation in T2 in 2012 (Figure 2 ). There was no significant correlation between MWG and N GF (Figure 3 ). There was a significant positive logarithmic relation between N GF and GPC in both (Nakagawa et al., 2006) . We found a significant positive logarithmic relation between N GF and GPC (Figure 4 ), which agreed with the results of Tsukaguchi et al. (2016) , who found a cultivar-specific logarithmic relation between nitrogen availability per unit sink capacity during the grain-filling period and GPC. In the present study, we used the number of spikelets instead of sink size because the potential grain size is largely determined genetically (Matsushima, 1995) . Multiple-regression analysis revealed a stronger effect of N AH than N BH on GPC (Table 8) . Therefore, a more accurate relation between GPC and plant nitrogen status would be obtained by accounting for the different contributions of N BH and N AH to GPC. Nevertheless, GPC was strongly logarithmically related to N GF ; thus, N GF can be regarded as an approximate measure of the plant's nitrogen status and is responsible for GPC. There were no significant effect of temperature on GPC (Table 8 ) and no significant difference among temperature conditions in the regression coefficients in either year. Therefore, GPC is explained well by N GF , irrespective of the timing of nitrogen application and temperature conditions. BBWG was not significantly correlated with N GF , except for a significant negative correlation at T2 in 2012 (Figure 2) . N AH and N BH were significant in both years. Partial correlation coefficients for N BH were 0.91 times (2012) and 0.71 times (2013) those for N AH (Table 8) , respectively.
Discussion
Nitrogen top-dressing at the panicle formation stage and at heading significantly reduced BBWG in both years (Tables 2 and 3 ). On the other hand, only that at heading reduced MWG significantly in 2012 and not significantly in 2013. The different responses of BBWG and MWG to nitrogen top-dressings can be partially explained by the direct effect of plant nitrogen status on BBWG and its indirect effect on MWG through its effect on dry matter production (Nakagawa et al., 2006; Yoshida et al., 2016) . Carbohydrate availability explains MWG but not basalwhite or back-white grains (Tsukaguchi et al., 2011) . Both top-dressings increased dry matter production, but that at the panicle formation stage also increased the number of spikelets; thus, the dry matter production per spikelet did not increase significantly (Tables 4 and 5 ), suggesting carbohydrates availability may not be increased. Under the temperature conditions in T2 and T3 (Table 1) , a considerable percentage of MWG may have been those with chalkiness at the center of the endosperm cross-section, which occurs irrespective of the assimilate supply (Tsukaguchi Table 4 . aboveground dry weight at maturity (DW), nitrogen uptake at maturity, nitrogen content at maturity, and dry weight per spikelet at maturity (DW per spikelet) in 2012. heading. Unless a top-dressing at heading is applied, N GF might be an approximate measure of the effect of plant nitrogen status on BBWG, but further study will be required to confirm this hypothesis. GPC and BBWG responded differently to N BH and N AH and thus to N GF , and our results suggest that plant nitrogen status most strongly affects BBWG earlier than GPC. Consequently, top-dressing at heading has less effect on reducing BBWG per unit increment of GPC. Nakagawa et al. (2012) proposed a model that predicted BBWG from three explanatory variables (GPC, air temperature and solar radiation during 20 days after heading) from field data obtained in 2010 over a wide region, from Tohoku to Hokuriku, and estimated that the effect on BBWG of a 1% decrease in GPC was equivalent to that of a 2.4 °C rise in air temperature during the 20 days after heading. However, our results suggest that the effect of increased GPC would be lower if it is caused by top-dressing at heading. The application of top-dressing at heading has been uncommon because it decreases the eating quality by increasing GPC (Terashima et al., 2001) . In addition to the The multiple regression analysis revealed a larger contribution of N BH than of N AH to reducing BBWG (Table 6 ). The increase in N GF due to the top-dressing at heading had a smaller effect than that due to top-dressing at the panicle formation stage on reducing BBWG. Therefore, the responsibility of plant nitrogen status for the occurrence of BBWG should be evaluated from the different effects of N BH and N AH . We found no correlation between N BH and N AH , owing to the different nitrogen top-dressings at the panicle formation stage and at heading, which suggests that N GF is not an appropriate measure for the effect of plant nitrogen status on BBWG. However, Yoshida et al. (2016) showed a close relation between the percentage of chalky grains or BBWG and nitrogen availability per spikelet using a crop growth model. The data used in their model were obtained from plants with various amounts and patterns of nitrogen application as basal-and top-dressings at 20-31 days after transplanting, 15-16 days before heading, and 7-9 days before heading. In their study, there may have been a positive correlation between N BH and N AH because there was no top-dressing after 7-9 days before Table 5 . aboveground dry weight at maturity (DW), nitrogen uptake at maturity, nitrogen content at maturity, and dry weight per spikelet at maturity (DW per spikelet) in 2013. The high relative importance of nitrogen uptake before heading for the reduction of BBWG suggests that BBWG is most susceptible to plant nitrogen status before heading. Although it is important to identify the critical stage responsible for BBWG, it would be difficult to identify it precisely and to evaluate the effect of nitrogen availability at this critical stage on the reduction of BBWG. Nitrogen status before heading affects many interrelated traits associated with grain yield and quality, such as the number of spikelets, leaf area, leaf nitrogen status, and the nonstructural carbohydrate content (Batten et al., 1993; Wada, 1981) . Therefore, an analysis such as the dynamic modeling performed by Yoshida et al. (2016) will be necessary to evaluate the effect of nitrogen availability at the critical stage and to estimate the nitrogen requirement to optimize grain yield, appearance quality, and eating quality.
Plant nitrogen status may affect grain quality in several ways. Maturation of storage proteins generates H 2 O 2 as a byproduct, which is not only one of the toxic reactive oxygen species (ROS) but an important signaling molecule in the regulation of a variety of processes including heat tolerance (Mitsui et al., 2016) . Improving plant nitrogen status lowers the canopy temperature through increased transpiration (Xiong et al., 2015) ; however, how the plant's nitrogen status before heading affects BBWG is unclear. Nitrogen application at different stages might have different effects on the transpiration rate. However, in the present study, pots in the same nitrogen treatment were not placed in a group, effect on GPC, the lower ability to reduce BBWG per unit increment of GPC may have been recognized. Our results strongly suggest that there is an optimal timing for nitrogen top-dressing that will maximize the reduction in BBWG per unit increment of GPC. However, additional research will be required to identify that timing. 
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and were instead placed randomly, and air in the TGCs was circulated constantly. Therefore, it is unlikely that the stronger effect of N BH than of N AH on BBWG resulted from a higher evaporative cooling capacity. The rice plant's translocation system may affect the occurrence of BBWG. Tanaka et al. (2009) observed earlier degradation of the nucellar epidermis under high temperatures in a heat-sensitive cultivar. Nitrogen application at the panicle formation stage increased the cross-sectional area of large vascular bundles (Nitta et al., 2000) . Thus, high nitrogen availability may contribute to the development of a robust translocation system that is less susceptible to high temperatures. In conclusion, GPC was explained well by N GF , whereas BBWG was not. BBWG was highly significantly explained by multiple regression analysis with mean air temperature after heading, N BH , and N AH as the independent variables, and the partial correlation coefficients for N BH were 1.6 times (2012) and 3.0 times (2013) those for N AH . On the other hand, in the multiple regression analysis for GPC, the partial correlation coefficients for N BH were 0.91 times (2012) and 0.71 times (2013) those for N AH . These results suggest that BBWG is most susceptible to the plant's nitrogen status earlier than GPC, and that there would be an optimal timing for nitrogen top-dressing that would maximize the reduction in BBWG per unit increment of GPC. 
